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Introduction
Pancreatic fibrosis is a characteristic feature of chronic pancreatitis (CP) and of desmoplastic reaction associated with pancreatic cancer. Until recently, however, the molecular mechanisms of pancreatic fibrosis remained largely unknown at least in part because of the lack of in vitro models. In 1998, star-shaped cells in the pancreas, called pancreatic stellate cells (PSCs), were identified and characterized [1, 2] . For over a decade, there has been accumulating evidence that activated PSCs play a pivotal role in the development of pancreatic fibrosis in CP and in pancreatic cancer [1] [2] [3] [4] [5] [6] [7] [8] . Because the activation and cell functions in PSCs are regulated by the dynamic but coordinated activation of intracellular signaling pathways, identification of signaling molecules that play a crucial role in PSCs activation is important for the development of antifibrosis therapy. In this review, we summarize the current knowledge about the PSCs biology, with a focus on the intracellular signaling pathways.
Activation of PSCs
In normal pancreas, stellate cells are quiescent and can be identified by the presence of vitamin A-containing lipid droplets in the cytoplasm [1] [2] [3] [4] [5] . Expression of the intermediate filament proteins desmin and glial fibrillary acidic protein (GFAP) is also used as a marker of quiescent PSCs. The expression and activation of GFAP has been confirmed in transgenic GFAP-LacZ mice where 2.2 kb of the GFAP promotor activity was associated exclusively with PSCs [9] . In response to pancreatic injury or inflammation, quiescent PSCs undergo morphological and functional changes to become myofibroblast-like cells, which express a-smooth muscle actin (a-SMA). This step is called ''activation.'' Activated PSCs lose lipid droplets, actively proliferate, migrate, and produce large amounts of extracellular matrix (ECM) components, such as type I collagen and fibronectin. In addition, activated PSCs acquire proinflammatory phenotypes; they express cytokines, chemokines, and cell adhesion molecule [3] [4] [5] [6] .
The critical regulatory events that induce PSCs activation in vivo are likely to be similar, at least in part, to the events that regulate the activation of primary PSCs in culture in vitro [1] [2] [3] [4] [5] [6] [7] [8] . Studies of rat and human primary PSCs in culture have identified a variety of soluble factors, such as cytokines [interleukin (IL)-1, IL-6, and tumor necrosis factor (TNF)-a] and growth factors [plateletderived growth factor (PDGF), transforming growth factor (TGF)-b1, and activin A], ethanol and its metabolites, oxidative stress, and pressure, as well as extensive changes in the composition and organization of ECM, as regulators of PSCs activation (Fig. 1) [10] [11] [12] [13] [14] [15] [16] [17] [18] . Potential sources of these activating factors include activated macrophages, platelets, pancreatic acinar cells, and endothelial cells in inflamed pancreas. It has been shown that pancreatic cancer cells are also a source of PSC-activating factors [6] [7] [8] . The effects of IL-1 and IL-6 on the initiation of PSCs activation might be indirect, through the TGF-b1 production [19] ; anti-TGF-b1 neutralizing antibody attenuated a-SMA expression induced by IL-1b and IL-6 [19] . Importantly, PSCs by themselves are capable of synthesizing cytokines, such as TGF-b1, activin A, and IL-1, suggesting the existence of autocrine loops that may contribute to the perpetuation of PSC activation after an initial exogenous signal, thereby promoting the development of pancreatic fibrosis [10] [11] [12] [13] .
Until now, the physiological consequence of vitamin A-storage in PSCs remains unclear. This vitamin A-storage might not only be a mere feature of quiescent PSC, but functionally contribute to the maintenance of this state. McCarroll et al. [20] showed that retinol and its metabolites (all-trans retinoic acid and 9-retinoic acid) inhibited the induction of a-SMA expression in PSCs. Retinol and its metabolites induced quiescence in culture-activated PSCs, in association with a significant decrease in the activation of mitogen-activated protein (MAP) kinases [20] . It is, therefore, tempting to speculate that retinoic acids are involved in the maintenance of a quiescent phenotype, through the binding to their nuclear receptors and the regulation of gene expression. In this scenario, the loss of retinoids in the course of PSCs activation might not be an epiphenomenon, but an essential prerequisite.
Cell functions in PSCs
Upon activation, PSCs actively proliferate, migrate, produce ECM components, and produce proinflammatory cytokines and chemokines. Cytokines and growth factors produced by acinar cells, inflammatory cells, platelets, endothelial cells, cancer cells, and PSCs by themselves would activate PSCs and induce these cell functions in paracrine and autocrine manners [1] [2] [3] [4] [5] [6] [7] [8] . Although several inflammatory mediators released during the course of pancreatitis might regulate PSCs, accumulating evidence supports major roles for PDGF, which induces proliferation and migration of PSCs, and TGF-b1, which induces PSCs to express a-SMA and ECM proteins, as mediators of the persistently activated and profibrogenic phenotypes of these cells [10] [11] [12] [13] .
In addition to these well-known functions, recent studies have revealed that PSCs have a variety of cell functions (Table 1) .
Not only producing ECM, PSCs also produce matrixdegrading enzymes of the matrix metalloproteinase (MMPs) family and their inhibitors [tissue inhibitors of metalloproteinases (TIMPs)] [21] . PSCs have been shown to secrete MMP-2, MMP-9, and MMP-13, and to express TIMP-1 and TIMP-2 [21] . Thus, PSCs might be involved in the maintenance of normal tissue architecture by regulating ECM turnover. In this context, resolution of mouse cerulein-induced pancreatitis involves transient activation of PSCs and deposition of ECM proteins, as well as transient upregulation of MMPs and TIMPs [22] . On the other hand, MMP-2 produced by PSCs might contribute to the progression of pancreatic cancer [23] .
The increased expression of the cytoskeletal protein a-SMA confers increased contractile potential, which is further increased by endothelin-1 [24] . Because PSCs are also located around the ductal and vascular structures [1] [2] [3] [4] , it would be of interest to see whether contraction of PSCs is involved in the regulation of vascular and ductal tones in the pancreas.
Pancreatic stellate cells have the ability to produce a wide variety of cytokines and growth factors. PSCs produce IL-1b, IL-6, TNF-a, TGF-b1, and PDGF-BB, all of which contribute to the perpetuated activation of PSCs [10] [11] [12] [13] 25] . The ability of PSCs to produce IL-32, a cytokine mainly expressed by T lymphocytes, natural killer cells, monocytes, and epithelial cells, has been shown [26] . Chemokines [IL-8, monocyte chemoattractant protein (MCP)-1, and RANTES] produced by PSCs contributes to the recruitment of inflammatory cells to the inflamed pancreas [27] . Expression of cell adhesion molecules, such as intercellular adhesion molecule (ICAM)-1 in PSCs, also contributes to the adhesion of the inflammatory cells recruited [28] . Very recently, we and others have shown that PSCs expressed Toll-like receptors (TLRs), proteins involved in the activation of innate immunity [29, 30] . PSCs express TLR2, which recognizes pathogen-associated molecular patterns of gram-positive bacteria, and TLR4 recognizing lipopolysaccharides of gram-negative bacteria. PSCs also express TLR3, which recognizes double-stranded RNA produced during virus replication, and TLR5, which recognizes flagellin, the major portion of bacterial flagella. In addition, PSCs can perform endocytosis and phagocytosis of foreign bodies, necrotic debris, and aged polymorphonuclear cells, suggesting that PSCs might play a role in the immune functions locally in the pancreas [30, 31] . It is hence likely that PSCs play a ''macrophage-like'' role in the pancreas, comparable to the role of Kupffer cells in the liver. PSCs might contribute to regain organ homeostasis by engulfing pancreatic acinar cells undergoing apoptosis and necrosis.
Another novel function we recently identified in PSCs is related to angiogenesis [32] . PSCs constitutively produce vascular endothelial growth factor (VEGF), and the production is increased by hypoxia. In addition to VEGF, PSCs express several angiogenesis-regulating molecules, including VEGF receptors (Flt-1 and Flk-1), angiopoietin-1 and its receptor Tie-2, and vasohibin-1. Conditioned media of PSCs induced angiogenesis in vitro and in vivo; it increased tube formation on Matrigel and directed vessel formation in nude mice [32] . A significant association among fibrosis, angiogenesis, and higher VEGF expression has been reported in pancreatic cancer and in CP [33] . Thus, PSCs might play profibrogenic and proangiogenic roles during the development of pancreatic fibrosis, where they are subjected to hypoxia. Although further in vivo studies are needed for a more detailed characterization of this scenario, these findings suggest a novel mechanism linking hypoxia, inflammatory responses, angiogenesis, and fibrosis in the pancreas.
Post-activation events
Following the initiation of activation, PSCs have two fates (Fig. 2) . If the inflammation and injury are sustained or repeated, PSC activation is perpetuated, leading to the development of pancreatic fibrosis. In contrast, if the inflammation and injury are controlled or single, PSCs might undergo apoptosis or reverse to quiescent stage. In this case, fibrosis will not be developed or even resolved. From this point of view, pancreatic fibrosis can be defined as pathological changes of ECM composition in the pancreas both in quantity and quality, resulting from perpetuated activation of PSCs. For the development of pancreatic fibrosis, repeated and persistent injury and inflammation are important. This is well in agreement with the concept that repeated episodes of acute pancreatitis attacks leads to the development of pancreatic fibrosis (''necrosis-fibrosis sequence'') [34, 35] .
Signal transduction in PSCs
It has been shown that multiple signaling pathways and molecules are involved in the activation and cell functions in PSCs (Table 2) . During the process of activation, dynamic but orchestrated changes in the intracellular signaling occur. Identification of signaling molecules regulating activation and cell functions in PSCs will provide a promising approach for the development of anti-fibrotic and anti-inflammatory therapies, and has, therefore, become a focus of attention.
PPAR-c
Peroxisome proliferator-activated receptor-c (PPAR-c) is a member of the PPAR subfamily of nuclear hormone receptors, originally characterized as the master regulator for the development of adipocytes [36] . PPAR-c forms heterodimers with retinoic acid X receptors and binds to cognate DNA elements, called the PPAR-response elements, in the 5 0 -flanking region of the target genes. Ligands of PPAR-c include oxidative metabolites of polyunsaturated fatty acids, prostaglandins of the J series, such as 15-deoxy-D 12,14 -prostaglandin J 2 , and the thiazolidinedione class of antidiabetic drugs, such as troglitazone. In addition to well-established roles in adiopocyte differentiation, PPAR-c has been implicated in the control of cell proliferation, macrophage function, and immunity [36] . Because PSCs lose their adiopogenic properties upon activation, negative regulation of PPAR-c signaling is likely to be associated with PSCs activation. Studies using PPAR-c ligands and overexpression of PPAR-c have implicated this pathway in the maintenance of PSCs quiescence [37, 38] . PPAR-c ligands inhibited proliferation, MCP-1 production, collagen synthesis, and a-SMA expression in PSCs [37] . Of note, troglitazone inhibited the development of pancreatic fibrosis in vivo in male Wistar Bonn/Kobori (WBN/Kob) rats, a model of spontaneous CP in rats [39] , and in mice induced by repeated injections of cerulein [40] . The roles of other PPAR members (PPAR-a and PPAR-b) as well as of other adipogenic transcription factors (e.g., cyclic AMP responsive element binding protein, CCAAT/enhancer-binding proteins, and sterol regulatory element binding protein-1c) in the activation of PSCs remain to be explored [41] .
Rho/Rho kinase During the process of PSCs activation, stress fiber formation is increased, suggesting cytoskeletal reorganization is involved in this process [42] . The small GTP-binding protein Rho has emerged as an important regulator of the actin cytoskeleton and cell morphology through the [24] . In this context, there is accumulating evidence that RhoA activation serves as a convergence point for multiple environmental factors known to regulate smooth muscle cell-specific gene expression and differentiation. For example, integrin-matrix interactions, mechanical stretch, and contractile agonists, such as endothelin-1 and angiotensin II, are known to regulate smooth muscle cell-specific gene expression including a-SMA as well as the activity of RhoA [44] .
Nuclear factor-jB (NF-jB)
Nuclear factor-jB is composed of hetero-or homodimers of the Rel protein family (p65, p50, p52, c-Rel, and RelB), with the p65:p50 heterodimer being the classic NF-jB complex induced by cytokine, mitogen, or ultraviolet stimulation of mammalian cells [45] . The level of cellular NF-jB activity is determined by the properties of its naturally occurring inhibitors, of which inhibitor of nuclear factor-jB (IjB-a) is the best characterized. Induction of NF-jB during PSCs activation is characterized by persistent elevation of NF-jB activity relative to that observed in quiescent PSCs. As a result, activated PSCs express a variety of NF-jB responsive genes, including ICAM-1, that are not associated with the quiescent cells [28] . Precisely how the PSCs regulates this shift toward a higher basal level of NF-jB activity is unsolved, but is likely to be associated with a persistent reduction in the cytoplasmic and nuclear expression of IjB-a [46] . NF-jB activity can be further elevated in a transient manner following stimulation of PSCs with proinflammatory cytokines, which result in enhanced expression of NF-jB responsive genes such as IL-6, IL-8, MCP-1, and ICAM-1 [25, 27, 28] . In addition, it has been shown that TLR ligands, such as lipoteichoic acid (a ligand for TLR2), polyinosinic-polycytidylic acid (a ligand for TLR3), lipopolysaccharide (a ligand for TLR4), and flagellin (a ligand for TLR5), activated NF-jB in PSCs [30] . All of the TLR ligands induced the expression of MCP-1, cytokine-induced neutrophil chemoattractant-1 (a rat homologue of IL-8), and inducible nitric oxide synthase, all of the production was abolished by Bay11-7082, a specific inhibitor of NF-jB [30] . Similarly, NF-jB is activated by galectin-1, a member of the galectin family of b-galactoside-binding animal lectins, in PSCs [47] . Galectin-1-induced production of MCP-1 and cytokine-induced neutrophil chemoattractant-1 was abolished by Bay11-7082, suggesting a role of NF-jB in galectin-1-induced cell functions.
Activator protein-1 (AP-1)
AP-1 is a transcription factor that plays roles in the regulation of different cellular processes, including cell proliferation, death, and inflammation [48, 49] . AP-1 is composed of Fos-Jun hetero-or Jun-Jun homodimers, which regulate transcription through the binding to specific AP-1 sites in the promoter region of target genes. Downstream of a variety of cytokine receptors, three wellcharacterized MAP kinase signal transduction pathways [extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 MAP kinase] are involved in the regulation of AP-1-mediated gene expression [48, 49] . While the Ras-Raf-ERK pathway plays an essential role in the stimulation of fos gene expression by growth factors, the responses to proinflammatory cytokines mostly depend on the JNK pathway (mediating phosphorylation and activation of c-Jun) and the p38 MAP kinase pathway, which contributes to both fos and c-jun gene induction [48, 49] . As we will describe later, because activation of MAP kinases are involved in the activation of quiescent PSCs, it is likely that activation of AP-1 might also be involved in the process of activation. Fitzner et al. [50] examined the AP-1 activation during the activation process. They showed that maximal AP-1 activation was observed as early as 2 days after isolation, followed by a decrease of AP-1 DNA binding in older primary cultures. The presence of JunD in AP-1 complexes was typical for activated PSCs, while the portion of JunB-containing AP-1 complexes decreased during the course of activation, along with the overall decrease of AP-1 DNA binding activity [50] . Although these findings suggest distinct roles of individual Jun proteins in the regulation of PSCs functions, it remains unknown whether the activation (or deactivation) of AP-1 is required for the transformation to a myofibroblast-like phenotype at least in part due to the lack of specific AP-1 inhibitors. However, the abilities of cytokines (IL-1b and TNF-a), growth factors (PDGF-BB), ethanol and its metabolites, aldehydes, oxidative stresses, and trypsin to induce AP-1 activation have been shown in PSCs [28, 37, [51] [52] [53] [54] [55] . Again, because specific AP-1 inhibitors are not readily available, roles of AP-1 activation in PSCs remain largely unknown.
MAP kinases
One of the major signaling pathways by which a mammalian cell responds to extracellular stimuli is through the activation of MAP kinases. MAP kinases play a role in a variety of cellular processes, including cell proliferation, cell survival, apoptosis, and cytokine production [56] . Members of the MAP kinase family, ERK, JNK, and p38 MAP kinase, are central elements that transduce the signal generated by growth factors, cytokines, and stresses [56] . Each member of this kinase family is activated by phosphorylation and subsequently translocates into the cell nucleus. Once in the nucleus, it phosphorylates and activates transcription factors, such as AP-1 and NF-jB, ultimately resulting in the transcription of specific genes. In PSCs, it has been shown that a variety of stimuli, including proinflammatory cytokines, TLR ligands, angiotensin II, ethanol and its metabolites, aldehydes, oxidative stresses, and trypsin, activated these three classes of MAP kinases (ERK, JNK, and p38 MAP kinase) [28, 30, 37, [51] [52] [53] [54] [55] [57] [58] [59] [60] . Mainly by experiments using pharmacological inhibitors, it has been shown that activation of MAP kinases play an important role in the production of cytokines and chemokines in PSCs [30, [57] [58] [59] . In addition, each member of MAP kinases differentially regulates the activation and cell functions in PSCs.
Extracellular signal-regulated kinase activation is an early event that precedes the increase of a-SMA expression [54] . In many types of cells, a central role of the Ras-Raf-ERK1/2 signal transduction pathway in the regulation of cell growth is well documented [56] . It has been shown that ERK mediates PSC proliferation in response to PDGF-BB, one of the most potent mitogens for PSCs in vitro [54, 59] . In addition, ERK mediates PSC proliferation in response to various stimuli, including angiotensin II, pressure, trypsin, and galectin-1 [16, 47, 55, 61] . Yoshida et al. [62] showed that conditioned media of pancreatic cancer cells increased proliferation and TIMP-1 expression through the activation of the ERK pathway. PDGF in the conditioned media might be responsible for these stimulatory actions [6] [7] [8] . Of note, angiotensin II stimulates PSCs proliferation by activating ERK through epidermal growth factor receptor transactivation; both PD98059 (an inhibitor of ERK pathway) and AG1478 (an inhibitor of epidermal growth factor receptor kinase inhibitor) attenuated ERK activation and DNA synthesis in PSCs [61] . Another PSCs function regulated by ERK is MMP-1 production. It has been shown that IL-1b and TNF-a induced MMP-1 production through the activation of ERK, but not NF-jB or p38 MAP kinase [63] .
There is accumulating evidence that p38 MAP kinase mediates the activation of quiescent PSCs [57] . Inhibitors of p38 MAP kinase inhibited the activation of PSCs in response to serum-containing medium in culture [57] , pressure, ethanol, and acetaldehyde [64] . It has been shown that p38 MAP kinase regulates collagen production in response to ethanol, acetaldehyde, and oxidative stresses [51] [52] [53] 57] . In contrast, ethanol-and acetaldehyde-induced PSCs activation (as shown by increased a-SMA expression) was not inhibited by inhibitors of ERK or JNK [64] . Although the contribution might be less evident than ERK pathway, p38 MAP kinase is involved in PDGF-induced PSCs proliferation [57] .
Because SP600125, an inhibitor of JNK, failed to inhibit the transformation of quiescent PSCs [58] , involvement of JNK in PSCs activation is less likely. Presumably, JNK is likely to be involved in the apoptosis induction in PSCs [65] , a research area that remains largely unexplored.
Phosphatidylinositol 3 kinase (PI3K)-Akt pathway
Another major intracellular signaling pathway located downstream of PDGF receptor is PI3 K-Akt pathway. By using immunoprecipitation and kinase assays, we reported that PDGF-BB activated PI3K-Akt pathway in PSCs [59] . Activation of this pathway mediates PDGF-induced PSCs migration, but not proliferation [59, 66] . Activation of this pathway also mediates PSCs migration in response to periostin [67] . In contrast, endothelin-1-induced migration was not mediated by PI3K-Akt pathway, because endothelin-1-failed to activate this signaling pathway in PSCs [24] . Recently, it has been shown that IL-1b, TNF-a, and interferon (IFN)-c activated Akt, and that LY294002, an inhibitor of PI3K, inhibited IL-32a expression in response to these stimuli [26] . Although the activation of PI3K was not directly presented, these findings suggest that the role of PI3K-Akt pathway is not restricted to cell migration.
Janus-activated kinases (JAK)/signal transducers and activators of transcription (STAT)
Janus-activated kinases are a group of non-receptor tyrosine kinases that, via phosphorylation, modulate the activities of a group of transcription factors, viz. STAT [68] . The STAT proteins exist in a latent form in the cytoplasm, and, upon receptor activation by cytokines and growth factors, become phosphorylated on tyrosine residues [68] . This phosphorylation results in translocation of the STATs to the nucleus, where they bind to sequencespecific DNA elements. In addition to ERK and PI3K-Akt pathways, it has been shown that PDGF-BB activated Src, JAK2, STAT1, and STAT3 in PSCs [69] . PDGF-induced activation of STAT1 and STAT3 was inhibited by a Src inhibitor PP1 and a JAK2 inhibitor AG490. PDGF-induced proliferation was inhibited by PP1 and AG490 as well as by STAT3 antisense oligonucleotide. Thus, Src-dependent activation of the JAK2-STAT3 pathway is involved in the PDGF-induced PSCs proliferation.
The abilities of IFN-b and IFN-c to induce STAT1 and STAT3 activation have been reported in PSCs [70] . Inhibition of STAT1 expression by RNA interference was associated with a significantly reduced growth-inhibitory effect of IFN-c, suggesting a direct involvement of STAT1 in growth inhibition by IFN-c [70] .
Sma-and Mad-related proteins (Smads) TGF-b1 is known to be the critical regulator of pancreatic fibrosis. TGF-b1 intracellular signaling is mediated and modulated primarily by Smads. Upon TGF-b1-binding to its receptor, Smad2 and Smad3 are phosphorylated by the receptor and form oligomeric complexes with Smad4; the complexes then translocate into the nucleus. These complexes subsequently activate the transcription of target genes. In addition to the Smad-dependent pathway, Smadindependent TGF-b signaling pathways exist, for example, MAP kinases, such as ERK. Thus, TGF-b1 intracellular signaling occurs via Smad-dependent and Smad-independent pathways [19] .
TGF-b1 regulates a variety of PSCs functions, including increased ECM synthesis, increased activation and a-SMA expression, attenuated proliferation, and reduced expression of MMP-3 and MMP-9 [71] . Ohnishi et al. [72] examined the roles of Smads in TGF-b1-mediated regulation of PSCs functions. They showed that Smad2, Smad3, and Smad4 were functionally active in PSCs. By using adenovirus-mediated gene transfer, they showed that dominant-negative Smad2/3 inhibited PSCs activation and enhanced their proliferation. Co-expression of Smad2 with dominant-negative Smad2/3 restored PSC activation inhibited by dominant-negative Smad2/3 expression without changing their proliferation. By contrast, co-expression of Smad3 with dominant-negative Smad2/3 attenuated PSC proliferation enhanced by dominant-negative Smad2/3 expression without altering their activation. Exogenous TGF-b1 increased TGF-b1 mRNA expression, which was inhibited by PD98059, an inhibitor of ERK pathway. Thus, TGF-b1 differentially regulates PSCs activation, proliferation, and TGF-b1 mRNA expression through Smad2-, Smad3-, and ERK-dependent pathways, respectively [72] .
In addition, several interactions between Smads and other signaling pathways have been shown. Angiotensin II enhanced PSCs proliferation by blocking autocrine TGF-b1-mediated growth inhibition by inducing Smad7 expression [73] . It has been proposed that an autocrine loop exists between TGF-b1 and IL-1b through Smad3-and ERK-dependent pathways [74] . Another autocrine loop may exist between IL-6 and TGF-b1 through ERK-and Smad2/3-dependent pathways in activated PSCs [75] . Interestingly, it has been recently shown that cyclooxygenase-2 expression, induced by TGF-b1 through Smad2/ 3-dependent pathways, is required for activated PSCs to respond to proinflammatory cytokines [19] .
RECK is a novel membrane-anchored MMP inhibitor. It has been recently shown that TGF-b signaling in activated PSCs may promote ECM accumulation via a mechanism that preserves the protease inhibitory activity of RECK [76] . Expression of RECK is regulated by the Smads system; Smad7 overexpression or suppression of Smad3 expression led to the loss of RECK protein expression [76] .
Hypoxia-inducible factor (HIF-1)
A hypoxic environment in tumor plays an important role in pancreatic cancer progression, and CP is also characterized by hypoxia [77, 78] . Recent studies have suggested that a hypoxic environment concomitantly exists not only in cancer cells, but also in surrounding PSCs [79] . Therefore, PSCs, cancer cells, endothelial cells, and other cells involved in the development of pancreatic fibrosis have to operate in coordination with a low-oxygen microenvironment. The cellular response to hypoxia is mediated by the transcription factor HIF-1, which is a heterodimer protein composed of a and b subunits [80] . While HIF-1b protein is constitutively expressed under normoxia, HIF-1a is unstable under normoxia due to an O 2 -dependent degradation involving an ubiqutin-proteasomal pathway. HIF-1a is an O 2 -sensitive partner, as it is accumulated under hypoxia, translocates to the nucleus, and transactivates a variety of genes including VEGF and plasminogen activator inhibitor-1 [80] . Very recently, we have shown that hypoxia induced nuclear expression of HIF-1a, followed by the production of VEGF in PSCs [32] . HIF-1a induction implies that PSCs might serve as oxygen-sensing cells in the pancreas.
Sonic hedgehog-Gli-1 Indian hedgehog (IHH) is a member of hedgehog peptide family that exerts diverse effects on multiple cellular functions mainly through the transcription factor Gli-1 [81] . Shinozaki et al. [82] examined the role of IHH in rat PSCs. They showed that activated PSCs express both patched-1 and smoothened, essential components of hedgehog receptor system. IHH enhanced PSC migration in both chemotactic and chemokinetic manners, whereas type I collagen expression, a-SMA expression, or proliferation was not altered. Furthermore, IHH increased the expression of membrane-type 1 MMP and altered its localization on the plasma membrane. IHH induced nuclear accumulation of Gli-1 in PSCs. Unexpectedly, however, adenovirusmediated Gli-1 overexpression blocked the PSCs migration and membrane-type 1 MMP localization on the plasma membrane. Furthermore, reduction of Gli-1 expression with RNA interference augmented IHH-stimulated PSC migration. These data indicate that IHH promotes PSC migration by enhancing the localization of membrane-type 1 MMP on the plasma membrane, but is negatively regulated by Gli-1 [82] .
Very recently, Bailey et al. [83] reported that recombinant sonic hedgehog increased activation, proliferation, and migration in human PSCs. Although roles of Gli-1 were not examined in detail, it is likely that activation of the sonic hedgehog signaling plays a role in the activation and cell functions in PSCs, contributing to the development of tumor desmoplasia.
Reactive oxygen species (ROS)
A variety of signal transduction and gene expression systems, including AP-1, NF-jB, and MAP kinases, might be regulated by the intracellular generation of ROS. It has been shown that antioxidants including plant polyphenols inhibited the activation and cell functions in PSCs both in vitro and in vivo [15, 51, [84] [85] [86] [87] [88] [89] [90] [91] . For example, ethanol-or acetaldehyde-induced collagen production was inhibited by antioxidants such as vitamin E and N-acetly-cysteine [15, 51] . Green tea polyphenol epigallocatechin-3-gallate blocked PDGF-induced proliferation and migration in PSCs [84] . Similarly, epigallocatechin-3-gallate inhibited pressure-induced a-SMA expression, type I collagen production, TGF-b1 production, and transformation to a myofibroblast-like phenotype [85] . Other plant polyphenols, such as ellagic acid and curcumin, inhibited the proliferation, MCP-1 production, collagen expression, a-SMA expression, and transformation to myofibroblastlike cells [86, 87] . Ellagic acid was shown to inhibit the development of pancreatic fibrosis in vivo in male WBN/ Kob rats [88] . DA-9601, a phytochemical possessing antiinflammatory and antioxidative action, inhibited the development of pancreatitis in mice after repeated injections of cerulein [89] . Very recently, we have shown that nicotinamide adenine dinucleotide phosphate (NADPH) oxidase might be a source of ROS in PSCs [90] . PSCs expressed key components of NADPH oxidase (p22 phox , p47 phox , NOX1, gp91 phox /NOX2, NOX4, and NOX activator 1). PDGF-BB, IL-1b, and angiotensin II induced ROS production, which was abolished by diphenylene iodonium and apocynin, inhibitors of NADPH oxidase. Diphenylene iodonium inhibited PDGF-induced proliferation, IL-1b-induced chemokine production, and expression of a-SMA and collagen. Diphenylene iodonium inhibited transformation of freshly isolated cells to a myofibroblastlike phenotype. In addition, diphenylene iodonium inhibited the development of pancreatic fibrosis in WBN/Kob rats and in rats with dibutyltin dichloride-induced CP [90] . Because it is likely that ROSs mediate activation and cell functions, at least in part through the diverse regulation of intracellular signaling pathways, in PSCs, antioxidants might be candidates for the development of anti-fibrosis therapy targeting PSCs [91] .
Conclusive remarks
As described above, studies on the regulation of activation and cell functions in PSCs at the intracellular level have identified key mediators of stimulatory and inhibitory signals. Signaling molecules, such as PPAR-c, MAP kinases, PI3K, Smads, and ROS, might become an important target for the treatment of pancreatic fibrosis in the future. Importantly, we have to keep in mind that PSCs are morphologically and functionally very similar to hepatic stellate cells, the major effector cells in liver fibrosis. DNA array showed that only 29 out of 23,000 genes (only 0.1%) were different between PSCs and hepatic stellate cells [92] . Therefore, research of PSCs should develop in directions more relevant to the pathophysiology of the pancreas, e.g., trypsin, non-oxidative alcohol metabolites, and pancreatic cancer.
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